Volume (J,) and solute (J,) fluxes through Phaseolus root systems were observed over a 24-hour period. The volume flux was varied in a pressure chamber by altering the hydrostatic pressure in 10 steps, from 0 to OA meppascals. All root systems showed strong diurnal peaks in volume flux. The five transport coefficients (,, w, J,*, L., and x*) were estimated from a nonlinear least squares algorithm. Analysis of the data revealed that all the coefficients exhibited a diurnal rhythm. When the total differential of the volume flux was considered it was possible to show that the diurnal changes in volume flux were due to a complex interaction between the diurnally shifting coefficients with the role of each highly dependent on the level of volume flux. At low volume fluxes, w, J,*, and T* accounted for nearly all the diurnal change in volume flux.
Since the first report of Hofmeister in 1862 (see Vaadia [27] ) of the diurnal fluctuations of both root pressure and exudation rates, the phenomenon has been repeatedly demonstrated (more recently [11-13, 18, 21, 24, 27 29]) and investigated from several points of view. Recent studies have demonstrated that there is a diurnal periodicity of translocation of solutes to the shoot (14, 26, 28) , but more significant perhaps are the observations of Wallace et al. (28) that there appears to be a difference in the time when some salts are absorbed and the time when they are transported to the shoot. Diurnal fluctuations in root conductance (alternatively resistance) to water flow have also been demonstrated (2, 21, 23) . However, we have shown (4) (5) (6) 9) that changes in solute transport can manifest themselves as conductance changes when, in fact, the root hydraulic conductance coefficient may not change at all. In most of the above studies where conditions were adequately controlled, it was possible to demonstrate that the periodicity was endogenous but could be controlled, altered, or made to disappear by proper manipulation of the day-night cycle.
In none of the studies mentioned was a more specific analysis in terms of volume and solute transport coefficients possible. The purpose of this paper is then to analyze the diurnal rhythms of volume and solute transport in terms of flow models that include diffusive, convective, and active transport of solutes as well as the osmotic and hydrostatic forces that drive volume flux. Specifically, we want to discover which of the relevant transport coefficients, or combination thereof, might account for the often observed diurnal changes in volume and solute fluxes. We will demonstrate that the causes of the diurnal rhythms in solute and volume fluxes involve some fairly complex interactions among the various transport coefficients and their own diurnal to rhythms. We will further show that the contribution of each of the coefficients is highly dependent on the volume flux. MATERIALS LI-CORI model 3100 leaf area meter, and about 3150 cm2 root surface area. Each root system was decapitated and sealed into a pressure chamber with the cut stump protruding through the lid and the roots surrounded by aerated nutrient solution (70 = 35 kPa)2 as previously described (5) . The plants were placed in the chamber at about 1600 h, brought to the specified pressure and temperature (25 ± 0.25C), and allowed to equilibrate. Beginning at midnight, measurements of volume flow and ion flow from the cut stump were started and continued at 10-min intervals for the next 24 h. The volume flow was measured by weighing the exudate on an electronic balance. Concentration of the exudate was estimated from the electrical conductivity and expressed as KCI equivalents. The ion flow was then calculated as the product of the volume flow and the concentration. Using Newman's technique (19) on each root size class, surface areas were measured as described earlier (7) and the volume and ion fluxes calculated on a root area basis.
Ten separate plants were used, each subjected to a different applied pressure ranging from 0 to 0.41 MPa. The pressure on each root system was held constant for the duration of the experiment. Data for each root system were averaged for each hourly interval giving 24 data points (one for each hour) for each root system. After all 10 plants had been measured 24 separate volume flux-applied pressure (J, -AP) curves and 24 separate solute flux-volume flux (J, -J,) curves were constructed, one for each of the 24 h. 
TRANSPORT EQUATIONS
The solute flux equation used was that given earlier by Fiscus (5) which includes the convective, diffusive, and active components of solute transport.
Js= C°(1 -a)Jv +w,(°_ r0w) + Js* (1) where C°is the medium concentration in mole m3, bis the reflection coefficient, o is the coefficient of solute mobility in mole m-2 s-' MPa-', ir and r are the medium and xylem osmotic pressures, respectively, in MPa, Js is the active solute transport in mole m2 s' and aJ is the volume flux in m3 m2 s'. r' is also an inverse function of Jv (ir' = RTJs/JV) and Equation 1 must be expanded to account for this with the result that C°(Ia)Jh2 + oir0J + J*Jv 
which is linear in Jv with slope C(1 -a) ( Fig. IA) . This fact is relevant to the fitting procedure and more will be said about it later.
The usual volume flux equation has been modified to account for the effects of an intermediate solute compartment between the exterior of the root and the xylem (5) . The effect of this intermediate compartment is to shift the position of the J, -AP curve with respect to the ordinate (Fig. 1 B) . Newman (20) noted that at high volume fluxes the J, -AP curve approaches a straight line which when extrapolated back to the ordinate should intercept it at a value of AP equal to a2ir0. The intercept was normally larger than this and he postulated that an intermediate compartment in the root was responsible for the shift. Since then, we have used the term effective external osmotic pressure (70e) to designate the actual extrapolated intercept (5, 6, 10) . As a mathematical convenience we will now use the term 7r* to indicate the difference between the actual 7r0 and Wre (Fig. 1B ). More will be said about 7r* later but it is sufficient to note here that use ofthis term allows us to rewrite the volume flux equation as J-= L4AP -a(ir -7i) -w*], (4) where L, is the hydraulic conductance coefficient in m3 m-2 s-' MPa-', AP is the hydrostatic pressure difference between the outside of the root and the xylem and 7r* characterizes the 
which is very similar to previously published equations (4, 5, 10) . Neither this model nor any ofthe previous ones take any account of possible exclusively apoplastic flows ( 15) which would appear as convective solute flows. Equations 2 and 6 are the functions to which the data were fitted to obtain the transport coefficients LP, , JS*, w, and 7r* in an attempt to see which ones varied in such a way as to account for the marked diurnal changes in volume flux under conditions of constant AP. Figure 1 , A and B, which are the averages of the data for each pressure over the 24-h period, will be used to illustrate the curve fitting procedure.
CURVE FITTING
The solute and volume flux data were fitted to Equations 2 and 6, respectively, using the nonlinear least squares program 'NLLSQ' by CET Research Group, Ltd., Norman, OK.'
The first step of the procedure was to fit the JS-JV data to Equation 2 to obtain a value for a. Because the slope of the line at high J, is dominated by a ( Fig. IA and Eq. 3), no weighting of the data was necessary to obtain a good fit. Using the value of a thus obtained, we then fitted the data to Equation 6 to obtain the additional parameters LP, JS*, o, and 7r*. In this instance, however, it was necessary to weight the data for low values of JV in order to estimate w and J * in the portion ofthe J, -AP curve where they most influence JV. Table I contains the values ofthe various transport coefficients determined from the 24-h solute and volume flux averages. The solid curves in Figure 1 indicate that the overall fit is acceptable for both curves but obviously much better for the J, -AP data. The greatest uncer-FISCUS Plant Physiol. Vol. 80, 1986 (Table I) which show SE/X 30 to 40%, whereas the coefficient of variability for the other parameters is only 1 to 10%. This is true for each of the hourly values as well as the 24-h averages.
RESULTS AND DISCUSSION
The diurnal course of the normalized volume flux is shown in Figure 2 for 5 of the 10 steady state pressures. The results for the other 5 pressures are not shown to reduce clutter. The data in Figure 2 were normalized to the maximum observed diurnal J, at each pressure so that the diurnal changes could be compared even though there were two orders of magnitude difference in J, between the highest and lowest AP values. The most obvious fact emerging from these data is that the relative diurnal change, with peak fluxes around 1000 h, was quite large at low AP and decreased as the pressure difference, and consequently Jv, increased. Note also, for later reference, that there was a tendency for J, to decline during the experimental period. This decline was most obvious at higher flows suggesting a regular decline in Lp. It should also be mentioned here that although specific tests diurnal peak occurs around midday regardless ofwhen the plants are decapitated.
The relationship between the relative size of the diurnal peak and the minimum J, for each AP is shown in Figure 3 , which includes all 10 data points. Within reason, then, we can say from observing Figure 3 that the degree of diurnal change in root conductance is inversely related to the existing value of J,. This observation is important since it indicates that any diurnal rhythm in LP is certainly not the cause of the rhythm in volume flux. If LP were the major cause, then we would see the relative size of the diurnal peaks increase with volume flux rather than decrease. That Figure 3 is not a mathematical artifact due to having the same variable on both axes is confirmed by a very similar relationship when the relative diurnal peak is plotted as a function of AP.
Figures 4 to 6 show how each of the transport parameters varied through the 24-h period. There are substantial changes in all the parameters except Lp, which shows an overall decline during this time. Superimposed on this overall pattern ofdecline may be a relatively small diurnal rhythmic variation on the order of 10%, with a maximum between 1000 and 1500 h.
While ai reached its maximum value at about 1000 h, Js 7r* and w all achieved their maxima later in the day. Note that ir* is negatively correlated with Jv, with its lowest values occurring at about 1000 when J, achieves its diurnal peak.
We can now use the estimates of the temporally varying transport parameters to simulate the diurnal rhythms in volume and solute fluxes. To accomplish this and for no other reason than to keep the result as neat as possible, we rotated the diurnal parameters (Figs. 4-6) so that the beginning and ending values were the same. The rotation was accomplished by joining the beginning and ending points with a straight line. All the data values were then adjusted up or down to keep the same relationship with that line when it was rotated to a horizontal position. The desired result was to cancel out the effects of the systematic deterioration of the root system evident in Figures 2 and 4 to 6. This procedure was adopted for aesthetic reasons only and will not change any of the following arguments or conclusions.
The resulting simulations appear in Figure 7 . The calculated volume fluxes as a function of AP (Fig. 7A) data with an average r2 for the 24 separate fits of 0.989 ± 0.005. Solute fluxes as a function of J, fit much less well as judged by an average r2 of 0.629 ± 0.128. Reexamination of Figure IA reveals that the scatter of the J, -J, data, even for the 24 h averages, is much larger than for the J, -AP plot. Obviously, the 24 individual curves had even greater scatter.
The solute fluxes are plotted through time as functions of J, ( Fig. 7B) and AP (Fig. 7C) . These figures show that the mode of plotting can influence the interpretation of the diurnal changes in volume flux. Note that when J, is plotted against J, (Fig. 7B ) there is an obvious peak of J, at about 1500 h and that this peak appears at the same time of day regardless of J,. However, when J, is plotted across lines of equal AP the appearance of the peak shifts from 1000 to 1200 h at low AP, which corresponds to the peak in Jv, to about 1500 h at higher levels of applied pressure. At higher pressures and consequently higher volume fluxes, the diurnal rhythms in J, seen in Figure 7 , B and C, are very similar.
The prime motivation for the preceding exercise is that it is very difficult experimentally to obtain data across lines of equal volume flux. Figure 7C , therefore, represents the most likely type of plot resulting directly from experimental data, but Figure 7B represents the functional relationship between J, and J, needed to fit the data. The level of applied pressure then would have a great deal to do with the time when the peak in J, would be observed.
Interpreting volume fluxes in terms of ion transport thus becomes a difficult problem. This becomes even more evident when the relationship between AP and the osmotic pressure difference across the root is considered (Fig. 8 ). The measured Air between the xylem exudate and the external solution was multiplied by the estimated a for each hour. The result shows that there is a very definite diurnal peak in the osmotic pressure difference, especially at low AP values. However, this peak is not correlated with the volume flux peak and, in fact, occurs at about 0700, several h prior to the J, peak (Fig. 2 ). An important conclusion from Figures 7, B and C, and 8 is that it is extremely difficult to draw conclusions regarding the causes of flux changes from such data. There are two major problems involved. First, there is no way at present to account for either standing gradient effects (1) or for reabsorption of solutes from the xylem (17) . Both of these processes will have a similar effect in making the exudate more dilute when it exits the root system than it was at the main site of osmotically induced volume flux, presumably deep within the root. Second, it is very difficult to account for the time lag involved in moving the solution from the depths of the root, at the site of action, to the cut stump, where the measurements are made. In this regard there is an additional complication: if there is a change in the volume flux during the time the solution is resident in the root then the solution may be either diluted or concentrated as a result ofthat change in J,. In short, it is difficult, ifnot impossible, to draw worthwhile conclusions from the root exudate except when the flow rates are high so that the standing gradient effects and the resident times are minimized. Even with the analysis we have used in this paper, there is greater uncertainty for transport coefficients whose estimates rely most heavily on data obtained at low Jv (viz. w and J,*).
Because of the difficulties mentioned above of relating the rhythm in volume flux to rhythms in the transport coefficients or total solute fluxes, further analysis is required to interpret the effects of the changes in the coefficients. The interplay between the different parameters would be difficult to envision even if they didn't change. Since all the parameters do change, and not all in phase with each other, the interpretational task is compounded. Therefore, as an aid to understanding the complex relationships involved, we will consider the total differential of (T+ av) adA oJ,*w Lj da, dJs* (7) dir * + ai dLp = XCx,dxi. Evaluation of each of the partial differential coefficients in Equation 7 is straightforward but messy and will be left to the appendix. We may, however gain some insight into the operation of the system if we examine the interplay between the diurnal changes in both the partial differential coefficients and the related transport parameters.
The interplay of the five transport parameters is difficult to envision because not only do they all vary diurnally but so do the partial differential coefficients. To assign importance, or lack thereof, to any of the parameters, we calculated the percentage of the diurnal change that could be attributed to each of the parameters over the range of AP from 0 to 0.5 MPa. The calculations were performed as follows. The values of each of the transport parameters were noted for the times of the daily min and daily max Jv, for each of the 10 steady state pressures. Each of the partial differential coefficients was evaluated for the time of minimum J,. From the observed finite change in the parameter (between the time of min and max J,) and the value of its partial differential coefficient, the expected finite change in J, due to the change in that particular parameter was calculated as the product C,, Axi. The AJ, calculated for each parameter was then expressed as a percentage of the total change in J, caused by the combined action of all five parameters. Figure 9 shows the relative contributions of each of the five parameters over the pressure range.
One of the first things to note is that the contribution of each parameter can be strongly dependent on the applied pressure and therefore the volume flux. Also, the contributions of the various parameters may seem to run counter to intuition. For example, although Cj5* always has positive values, the effect of the changes in JS* are observed to be negative ( Fig. 9 ). This is because at the time between the minimum and the diurnal peak, the value of J5* actually declined (see Figs. 2 and 4B), so that its contribution to JV was negative.
As can be seen, above applied pressures ofabout 0.2 MPa only LP and 7r* are important determinants of JV. At lower applied pressures and resulting Jv, the solute transport parameters a, w, and JS* become much more important as has been shown in other contexts in the past (4) (5) (6) (8) (9) (10) . The only parameter that is important across the entire range of AP is ir*. A point worth reiterating about the influence of these parameters is that each should be considered within the context ofthe size ofthe diurnal peak relative to the baseline fluxes. Although we see that the influence of L. increases to account for 70% of the diurnal peak at 0.5 MPa, the diurnal peak at that pressure is only about 17% over the baseline. Figure 9 is only for the average values of the transport parameters for the 24-h period and that these relationships can be expected to change diurnally. We feel, however, that little would be accomplished by presenting further details at this time. In addition to our interest in discovering the causes of the diurnal rhythms in volume flux through the roots, we also would like to know a little about how the various parametric rhythms might affect the water balance of the whole plant. In this regard we will restrict our considerations to the conductance to volume flux that the root system presents to the shoot and the way that the conductance varies diurnally and with the xylem tension. We showed in an earlier paper that the xylem tension could be replaced by the AP that we have been using in this analysis so that a differential conductance (9) of the root system may be formed which is, for all other parameters constant, The full expression is given in the appendix. It is sufficient to note here that over the AP range of 0 to 0.5 MPa, the LD based on the diurnal averages for the transport parameters went from about 4% to 99% of Lp, about a 20-fold change. This behavior is possible because the ratio of the functionsf andf2 in Equation 8 ranges from negative values at low AP, through 0, and approaches 1 as AP gets large. LD, therefore, approaches LP at higher AP values. Figure 10 illustrates the extremes of this relationship over the range of pressures used in this paper. An important point to note in this figure is that the peak in LD for AP = 4(LD,) does not coincide with the peak in J, (Fig. 2) and is, in fact, 5 h out of phase with it. This situation may run counter to the intuition of some readers but consideration of the definition of LD (Eq. 8) shows that it is, in fact, undefined for conditions where AP is constant.
The use ofLD as defined in Equation 8 needs some explanation since AP is only a part of the total driving force across the root system. The differential conductance with respect to AP was chosen because we were trying to arrive at a mathematical description of the root system which was consistent with its operation in the intact plant. Therefore, since water is normally driven through the roots by the tension in the xylem (AP) this particular conductance was chosen as the most logical one to use in this context. It should also be noted that even though we are considering a conductance with respect to AP, the osmotic component of the driving force is not being ignored. It is functionally located, in a somewhat complicated form, in Equations 8 and 17 which allow its dependence on the xylem tension to be expressed. Thus, from the viewpoint of the whole plant, water flow through the roots is normally driven by the pressure potential in the xylem and the variable osmotic component of the force is a complicated function of that pressure potential.
Under the circumstances an accurate description ofthe system may be obtained by writing J, as a function of time (J, = J[t]). This may be done, of course, by replacing each of the transport parameters in Equation 6 with its own temporal function (determined by fitting the curves in Figs. 4-6 ). In essence, that is how the simulations of Jv, J, and LD were accomplished. The difference was that for those simulations we used the discrete estimates of the parameters, from which Figures 4 to 6 were constructed, and not mathematically defined temporal functions.
Because of the temporally fluctuating nature of the various transport parameters there appears to be no single coefficient, such as the instantaneous conductance (9) or resistance, that can be calculated to describe the root system through time. Although it is quite possible to divide the solution of Equation 6 by AP to obtain an instantaneous conductance, there seems little reason to do so since we would already possess the information necessary to describe the system. On the other hand, it clearly would be very difficult to reverse the procedure and infer anything very useful about the various parameters simply by measuring AP and the flux and calculating an instantaneous conductance or resistance, even when the parameters are constant. In cases like this, temporal functions are both more realistic and more useful.
If we wish, we may now also impose on the system of temporally fluctuating coefficients, AP = AP(t). The purpose in doing so would be to simulate the effects of diurnal changes in transpiration driven water flow through the plant.
The transport equations used here and in the past (4-6, 8-10) to describe volume and solute fluxes through root systems are operational in nature and not meant to reflect a detailed anatomical or physiological knowledge of the root system. These equations describe quite adequately for present purposes, how the root system acts when subjected to pressure differences meant to mimic the naturally occurring tension in the xylem. Although these equations resemble those meant to describe solute and volume fluxes through single isotropic membranes (16) , only brief consideration is necessary to conclude that the resemblence is superficial. All the coefficients are defined operationally and each one is the result of interaction between a complex series/ parallel arrangement of cells and cell membranes each with its own system of volume and solute transport coefficients. For example, a is defined operationally as the result of some property(-ies) of the system which allows only a fraction of those solutes carried to the root surface by virtue of being dissolved in the water to pass through the root and appear in the exudate. One can easily imagine that fraction to represent entirely apoplastic flows made possible by small breaks or leaks in the root system or to leakiness of some bounding membrane(s). One can also imagine, with equal validity, that the same effect could be produced by solution passing through channels between cells which extract solutes from the solution as it passes. In a previous paper (5) we derived the following expression from Equation 3: C' = Js _ CO( I1-a) + (wr°+ Js*)(>) (9) which gives Ci as a linear function of J7-' with intercept C°( 1 -a). This intercept provided the basis of the operational definition of a as a = 1ill (10)
In short, ca is defined only in terms of what is on the outside and what appears in the exudate regardless of the means of exclusion or removal of the solutes during passage. Incidentally, the 24-h average a determined graphically from Equation 10 agrees with the value determined from the nonlinear curve fitting routine used in this paper to within less than 0.5%.
Another case in point is 7r*. We easily can observe its effects but details about its causes are difficult to obtain. We have been able to show in the past (6, 8) that there is some type of osmotically active compartment in the root which opposes inwardly directed volume flux. It appears that this compartment contains normally nonmobile solutes which are asymmetrically distributed. Treatment with a growth regulator (ABA) allowed these solutes to move into the xylem and simultaneously removed the effect of 7r* (6, 8) . Little more detail is currently available about 7r* except that the observations of Wallace et al.
(28) and Hanson and Biddulph (14) are consistent with the diurnal shifts in 7r* which we observed. They observed more uptake of radioactive tracers during the night and more translocation to the shoot during the day. Thus uptake and sequestering of nutrients during the late afternoon and night might increase 7r* and slow down J,. Then during the day when conditions for translocation to the shoot are more favorable due to increased transpiration these nutrients might be released to the xylem thus reducing 7r* and allowing increased volume flux through the root system.
Also, it seems possible that Xre°i s closely related to, if not the same as, the intercept (po) of the transpiration-balance pressure curves of Passioura and Munns (22) . They observed increases of po from morning to afternoon and speculated that this shift in po might have been responsible for the diurnal cycling in root resistance observed by Parsons and Kramer (21) . Such speculation is certainly consistent with our interpretation of the effects of 7r*, which was also observed to increase from morning to afternoon (Fig. 6 ). So, given the assessment of the importance of 7r* in determining the diurnal transport rhythms, more detailed information about the causes and location of7r* would contribute greatly to our basic understanding of root system function.
All the other coefficients are similarly operationally defined and not meant to correspond to the properties of any particular single membrane but to describe the operation of the entire tissue, which they appear to do reasonably well.
In this paper we have drawn one step closer to understanding diurnal changes in water and solute transport. The question of mechanisms, however, still remains unanswered. We have shown how each of the transport coefficients changes diurnally but we cannot say what makes them change. Perhaps they are influenced by rhythms in root growth or carbohydrate or growth regulator transport to the roots as some workers have suggested (3, 14, 25, 26) . Until we understand more about the fundamental mechanisms or structures which manifest themselves as these coefficients, we will probably not discover why they change the way they do. 
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